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A13STRACT

We report the discovery of Cepheicl  variable stars in the galaxy NCC 4414,

as part of the I[ubfde Space ~eiescope  ( 1[S7) I{ey project  OIL t]le ~xtragalactic

Distance Scale. Observations were obtained with tile 11S7 Wide Field and

Planetary Ca[nera 2 (WFPC2) for 13 epochs at V (F555W)  and 4 at 1 (F814W).

Photometry was performed using two independent programs, DoPIIOT alld

DAOPIIOT/ALLE’R.  AME. We find 11 Cepheids  with high cluality  light curves

and well determined periods of 19 to 70 clays. Nine of these Ceplleids  are

used in fitting the Periocl-I,urninosity  relation. Assuming a I,MC  distance

modulus of 18.50 mag and E(B — V)=O. 10, we derive a true distance modulus

for NGC 4414 of 31.38 + 0.21, corresponding to a clistance  of 18.9 + 1.9 Mpc.

We also derive a mean color excess for NGC 4414 of E(V – 1) = 0.02 + 0.06.

NCC 4414 is a calibrator of the Tully-Fisher  and Type Ia supernova secondary

distance  indicators, and we briefly discuss t}le  illlplicatiolls  of tile  Ilew dista[~ce

for t}lese  methods.

Subject headings: Cepheids  - galaxies: distances and redshifts  – galaxies:

individual (NGC 4414)
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1. I n t r o d u c t i o n

The goal of the }1S7’  Key Project cm the Ilxtragalactic  Distance Scale is to ~lleasure  110

to an accuracy of 10%. Accurate distances to 18 llearby galaxies are being measured using

Cepheid  variable stars. These distances will be used to calibrate several secondary clistallce

indicators, including the Tully-Fisher  (TF’) relation, the surface brightness fluctuations

method (S FIF), the planetary nebula luminosity function (PNI, F), the peak brightness

of Type Ia supernovae, and the SN Type 11 expanding photosphere methocls  ( EPM). A

more complete description of the project can be found in Kemicutt,  Freedman, & Mould

(1995). Distances to M81,  M101, M1OO, NGC 925, NGC 3621, NGC 3351, NGC 2090,

NGC 7331 and NGC 1365 have already been cleterrnined (Freed~]]an  et al, 1994a, Kelson

et al. 1996, Freedman et cd. 1994b, Ferrarese  et cd. 1996, Silbermann et al. 1997, Rawson

et al. 1997, C~ra}lanl  ei al, 1 9 9 7 ,  Phe]Ps  ef 01, 1997, IIughes  et al. 1 9 9 7 ,  a n d  Maclore  cl

al. 1997, respectively).

NGC 4414 (alooo == 12 A26’’’25S,S,  Szuoo = +31  °13’29”)  is liost of tl~e ‘1’ype Ia supe rnova

1974C (Ciatti  and Rosino  1977). It is an Sc(sr)  11.2 galaxy (Sanclage  and Tammann  1981)

seen at an inclination of 56° (Aaronson d al, 1982b) ancl is a calibrator for the Tully-F’isher

relation. Previous clistalLce estifnates for NGC 4414 clifrer by as Illuch as a factor two, froln

10.5 Mpc (de Vaucouleurs  1975) to 18.2 Mpc (Pierce 1994). N(;C 4414 is often assigned

to the Coma I C]oucl  of galaxies (e.g. deVaucouleurs  1975, Sandage & Twnmann 1975)

though this assignlnent  is cluestionahle,  and  we will aclclress  this issue later. NTGC 4414

has a heliocentric recessional velocity of 720 + 11 kIn s-l ( d e  Vaucouleurs  c1 at. 1991) and

lies near the trip]e  valued region of  Virgo  supercluster  inflow IIlodek (e.g. AaroIlsoIl fl

0/, 1982a),



2. Observations and Data R e d u c t i o n

2.1. O b s e r v i n g  S t r a t e g y

.5–

lnmges of NGC 4414 were  obtained with the 1[S7 WII’PC2 camera.  A detailecl

description of the instrument can be found in tile  WFPC2  lllstrunlent  lIanclbook  (Tliretta

cl u1. 1996). The Wide Field  Camera (WIW) images  ollto  three 800 x S00  CCD cletectors,

each with 0’.’10 pixels and a 1!3 field of view, The Planetary Camera (PC) makes use of a

fourth CCD  and has a 34” field of view with W046 pixels. All observations presented here

were macle with a gain setting of 7 e-/DN and at a CCD operating temperature of –88°  C.

Figure 1 shows a grouncl-based  1? band image of NGC 4414 taken at the Fred I,awrence

Whipple  Observatory 1.2 meter telescope in N 2’.’5 seeing, with the footprint of WFPC2

overlain. A mosaic of the median images ill  all WFPC2  chips is shown ilk Figure 2. The

small field was imaged by the Planetary Camera (PC); we refer to it throughout this paper

as chip 1. We refer to the Wide Field Camera (WF’C) fields as chips 2 tllrougl)  4, in

counter-clockwise direction frcm the PC, as projected on the sky.

A log of observations is giveIL in Table 1. Twelve V (F555W),  four I (17814W)  aIld two

1] (F439W)  epochs were obtained between April and June 1995 over a 62 day window. As

with tile  other galaxies observed as part of tile Key Project, the telnporal  sa[llpling  of the

observations was chosen to Inaxi  Inize the probability of detecting Cep}leicls  with periocls

between 5 ancl 60 clays (Freedman et al. 1994a): tile  probability of discovering a Ceptleicl

with giveIl period in the V—})aIlfl NTCIC  4414 (lata (accou Iltfillg oIlly for  phase-coverage,

Ilot other limiting factors such as crowdi  Ilg) is slIowIl ill Figure  3, calculated usiug  the

precepts of Salla & IIoessel (1990). To facilitate coslnic  ray ((.IR) reIIloval atld  opt, i[llize the

Cepllc’icl–fillcliIlg  algorithnls  (see section 4), eaclI ohservatioll  consisted of a pair of Cl{ split

iulages,  for a total integratioll  tillle  of 2500 secwllds  ill eacl] filter. Tile 11 balld  illlages  were
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found  to have a low signal  to noise ratio,  and are Ilot discussed further’ iIl this paper.  AIL

additional V WA was obtained in April 1996, approximately one year after the encl of the

Illain observing window, in order to constrain  tile periods of the longer-period Cepheids.

2.2. Data Reduction

All images were processed with the standard Space Telescope Science I1wtitute (STSCI)

pipeline described by Holtzman ef al. (1995a), using the most up-to-date calibration files

available at the time the data were taken. Briefly, pipeline reduction includes correction

of small analog-to-digital (A/D) errors, subtraction of a bias level image, subtraction of a

super-bias image, subtraction of a dark frame, alld  division by a flat field.

The data were then processed with standard team reduction steps as described in

Ferrarese et al. (1996) and Stetson el al. ( 1997). Ilad columns and pixels were masked with

the data quality files produced by the pipeline. To correct for the geoxnetric  clistortion  in

the WFPC2 cameras, images were nlultiplied  Ly a pixel area map, normalized to the area

of tile  meclian  pixel in the image. This effect is xlot corrected by t}le standard pipeline flat

fields, which conserve surface brightness, but not  integrated fluxes. Vignetted areas of each

cl]ip were xnasked.  FiIlally,  all images were nlultipliecl  by 4 and converted to short integer

to reduce clisk space and allow for clata  compression. This gives an effective gain of 1.75

e--/T)hT  ancl a read noise of 4 DN. For a IILore detailed clescription  of standard Key Project

clata  reduction steps see Ferrarese et al. ( 1996) and Stetson c1 a~. ( 1997).

3. Photometric Reduction and Calibration

Tile  compact size and lligll  surface briglltIless  of NGC 4414 Illake  it oIle of tlIe Illost

challenging target fiel(ls in tile  Key Project saIllple  (Figure 2). Tile brigli~ stars  are
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generally crowded a.lld concentrated on the higher surfdce brightness areas of the galaxy.

Tile background surface brightness of the galaxy has a steep gradient. In addition, the

exposure times are relatively short for a target at the distance of NC, C 4414. The center

of the: galaxy is located in tile PC field, and crowclillg problems  are especially severe,

comproxnising  the photometric accuracy of the data in this field. Only one hig]l quality

Cepheicl  (C12 in Appendix R) was found in the PC field, and it lies near tile  pyramid edge

of the chip where the photometry may be unreliable. Therefore, we use only the Cepheicls

founcl in the WFC fields to calculate the distance to NGC 4414.

Photometry was performed on the WFPC2  ilnages  through two parallel and independent

reduction tracks, each using a separate photon  letry program, AI, I, FRAMF,/DAOPIIOT II

(Stetson 1994) and a variant cjf DoPIIOT optimized for undersampled  11ST WFPC2  images

(Saha et al. 1996). Each reduction is described separately below.

3 .1 . ALI.FRAME/DAOPHOT R e d u c t i o n s

To extract accurate photometry froln  all il~mges, a colnplete star list was constructed

as follows. All available images from each chip were meclian  c.ornbined  to produce a deep,

clean, CR free inlage.  DA OPIIOT and AI,  I,STAR (Stetson 1987) were used to fincl stars,

add them to the star list, and subtract them froln  the nledian  image to uncover other stars

on the image. After a few DAOPIIOT/AI,I,STAR iterations, the remaining stars visible on

the image were added to tile  list by hand. AI, I, FRAMIl (Stetson 19!34)  was then run 011 all

ill~ages using this initial star list. All star-subtracted images produced by A1, I, F’RAMI? were

again median combined and exanlillecl. Star-subtractecl  V and 1 inlages  }vere also separated

hy filter and  lllediall  combined to locate ally extrenwly blue or red stars

stars on these illmges were aclded to tl]e fitml  star list.  Tile point spread

created for VVFPC2 inlages  frolll public dolllain  ilnages  of the globular c

Any rwllaining

fulLctio[ls  (PSFs)

usters  Pal  4 and
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NGC 2419 (lIill el al. 1997) were  used by AI,l,FRAMll to extract pllotollletry  for all stars

cm the final star list.

A LI,FRAME instrumental Illagnitudes  were converted to standard Johnson V and

cousins  1 as described in IIill  et al. (1997). In addition, a correction of 0.04 Inag/800  pixels

in the y direction on each chip was made to correct for the charge transfer efficiency problenl

in the WFPC2 CCDS (IIoltznlan  1995 L). A fanlily  of aperture corrections which convert

the instrumental PSF fit magnitudes to 0’.’5 aperture lnagnitudes  were calculated with the

program DAOGR.OW  (Stetson 1990), using lfST data from several globular clusters and

Key Project galaxies, including NGC 2419, Pal 3, Pal 4, M101, NGC 925, NGC 1365, NGC

3621, NCC 4725, NGC 7331, and of course NGC 4414. Adopted aperture corrections and

zero points are listed in Table 2. The conversion actuations usecl  to transform AI,  I, FR.AME

instrumental magnitudes to the standard system are of the form

iW=m+2.510g  t+ Al+ A2*(V– 1)+ A3*(V– 1)2 (1)

where M is the standard magnitude, ~It is the instrumental magnitucle,  t is the exposure

time, and Al t]lrough A3 are constants. A2 ancl A3 are taken clirectly  from Holtznlan el

cd. (1995a). Al accounts for the aclopted  zero point, aperture corrections, the normalization

of our pixel area map, and a factor of 2.5 log 4 fronl  our conversion to short integer. Al, A2,

and A3 are listed in Table 2 for eacl chip and filter combination.

3.2. DoPIIOT Reductions

DoPIIOT reductions followed the process outlil~ecl  in Ferrarese  el al. (1996). To

sulll[llarize,  a nmster list of stars was colllpiled  hy rutllling DoPIIOT 011 cleep V and [ irllages

Illafle by co-adcling  a l l  F’55.5W and FS14W  frallles, a[ld rel]loving  cosllLic  rays accorflillg  t o

tile procedure in SalIa  cl al. (1996). DoPIIO~’ was tllell  run 011 tile  resultillg  12 \“ WL(l 4 ]
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illlages,  using tile  nlaster star list as iIlput. A pert ure correct  ions derived fronl observations

of [,eo I (where the field was relatively uncrowded), with tile  o[kt  to NGC 4414 derived

fronl  the deep V and 1 ixnages of NGC 4414 itself. Data fronl  the globular cluster, Pal 4,

were then used to put the resulting nlagnitucles  on tile  system of IIoltznlan et d. (1995a).

3.3. Comparison of ALLFRAME/DoPIIOT Photometry

DoPHOT reductions were completed before the 1996 revisit data were available, so

all comparisons presented here are limited to the first 12 epoc}w of NGC 4414 data. A

comparison of AI,  I, FRAMF, and DoPIIOT photollletry  for the local standards is shown

in Figure 4 and summarized in Table 3. The agreement of the photonletry  for the

local standards is very good for all the WFC fields, considering the severe crowding,

with the largest difference of about  0.06 mag in 1 in chip 4 and average differences

(AI, I,FRAME-DoPHOT) for all three chips of --0.040 +0.008  mag in V and +0.043+  0.008

mag in 1.

The comparison of A I, I, FR.AMI? and DoPII  OT intensity-averaged nlagnitucles  for each

of the Cepheid candidates is plotted in Figure 4 as solid circles. The mean difference is

+0.04 + 0.03 nlag in V for chips 2 through 4, and +0.03 + 0.04 in 1, The Cepheicls  are

typically Painter than the local statldards,  and as expectecl  the scatter in the comparison

is larger, but it is clear that  the Cepheicls  tend to lie within the envelope defined by the

standard stars.

4. Identif ication of Variable Stars

Vdriable  stars were idelltified  following tile procedurm  described in previous papers

ill this series. IIowever,  because of tile  unusual level of stellar crowdi[lg  ill this galaxy,
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several difrerent variable finding tests were elllployed  ill order  to Ilmxirllize  tile  llu[]lber  of

variable star candidates. T}le lightcurves  of all carl[li(lates  were  rigorously checked in both

pllotorlletry  sets. Only t}lose  stars w}lich were  illdepeJldently  umfir]]led  in both photollwtry

sets were included in the final sanlple.

Three separate variable finding tests were used wit}l  the AI, I, FRAhIE  data set,  Tile

first  nlethod  simply looked  for stars with unusually nigh clispersioll  in tl]eir  1~ l]lagllitudes.

The second method used a correlated variability test suggested by Welch & Stetson (1993),

wllicll takes advantage of the CR split data, since real variables will have a similar change

in magnitude from epoch to epoch in both of its CR. split images; random noise and CR.

IIits will not be correlated in the CR split images, on average. The periods of the variable

candidates cleterminecl  using a phase dispersion xninilnization  routine as described by

Stellingwerf  (1978). The third variable finding method, described by Stetson (1996), also

finds variable candidates using a variation of the Welch & Stetson (1993) technique, but

finds periods, Illean  n~ag[litudes,  alld anlplitudes  by fittillg  telllplate  Iigl]t curves.

The DoPIIOT photometry was searched ilLdependelltly  for variables, followillg  tile

procedures of Salla & IIoesscl  (1990) ancl Ferrarese el al, (1996). A clli-squared test was

used, and stars that had a 99’XO confidence of being variable were checked for period icity

using a variant of the I,afler  & KiIllnan (1965) method of phase dispersion minilnization.

The final Cepheid  sample  was col~lpiled from these lists  of variable  candidates. III

cases where a promising calldiclate  was initially discovered in only  one photolnelry  set,

it was extracted by hand frolll tile  second. If tllc  second Iigllt curve was convincing and

consistent with t}le  first,  it was also added to tile  variable star lists.  The lig}lt  curve fronl

each  potential variable was examined and can(lidaifes  were collfirllled  011 the basis  of light

curve  shape ,  a[ilplitude,  all(l collsistellc.y  hetweell  tllc  two pllotollletry  sets. Tile  i[lmges

were visually exalllinecl  to ellsure  varial)ility,  a[l(l to collfirlll  that  ca[ldidates  were not)  in
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extremely crowded regioIls. ‘1’he inmges were blinked visually as a fitlal  cileck. our final

saltlpleillclucles  11 Cepheid candiclates,  !)of which we use to fit the pericjC1-lLltllillosity  (PIJ)

relation.

FiILder  charts for the Cepheicl  candidates are shown in Figures 5 and 6. Figure 5 shows

tile  PC chip and each of the three WIW chips with the ]ocatiom  of tile  Cepheid  fielcls

indicated. Figure 6 shows snlal]  51 x 51 pixels fields centered on each Cepheid cancliclate,

corresponding to a 5“ field of view. In addition to these Cepheicl  candidates, there were 10

variable candidates that were not retainecl  in our final list. These possible Cepheicls  are also

marked in Figure 5 and are described iI1 nlore cletail ill Appenclix  D.

5. L igh t  Curves  and  Cepheicl  P a r a m e t e r s

Since the AI, LFR.AME photometry set includes the revisit data, all periocls  and

nlean nlagnitudes  presented here are based ON the A l, I, FRAMF, photometry. In all cases,

tile DoPIIOT photometry is consistent with the periods and magnitudes presented (the

DoPIIOT-basecl  analysis is sulnnlarizecl  ill  tlLe next section). The magnitudes for tlie CR

split pair within  each epoch were averagecl  and CR contaminated photon  letry rejectecl.  The

resulting V and 1 photometry for each epoch is given  in Tables 4 and 5. I,ightcurves  for the

Cepheid  candidates are plottecl  ill Figure 7.

As with other Key Project galaxies, bot}l atl illtensity-averagecl  lnag[litucle

?n = –2.510g~ ~lO-Oqxm*’, (2)

ancl a p]lase-weigllted  nlea[l  Illagllitucle

?Tl = ‘2.510~fi0.5(~)1+1  –  #j-l) lf)-o”~x””, (3)
j=l

w e r e  c a l c u l a t e d ,  w}lere  T1 is tile  total Iluixll)el  of observatimls,  allcl  I)LI alld @i are tile

lllagnitude  an(l phase of tile it} I observa.tiou  ill or(ler of irlcreasiilg  phase.  For va r i ab les
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wittl  ulliforI1lly  sampled Iigllt curves, these tWO HlagIlitUdes  COiIICi(le.  ~01 0111’ SaIll[Jk of

~epheids  the difference between phase weighted meau Illag[litucles and illtellsity-av(’ragecl

Illagnitudes  is 0.034 + 0.027 at V and 0.024 + 0.014 at 1, in the sellse that phase-weighted

luean magnitudes are slightly faiuter. The choice of phase-weightecl  or intensity-averaged

uqyitudes  will Le shown not to affect  the distance modulus to NTGC 4414 significantly.

Only four epochs were ol}served  at 1, and the poor phase coverage Inakes  both the

illtensity-averagecl  and phase-weighted magnitudes. poor representations of the 1 lnean

magnitude. Freedman (1988) showecl  that Cepheicls  have very good correspondence between

V and 1 light curves, and that the ratio of the V to 1 an~plitucle  is 1:0.51. We therefore

correct the 1 mean magnitudes itl the following way. We calculate the mean V lllagnitude

at only those epochs where I observations were also made. The difference in the 13-epoch

and 4-epoch V magnitudes is multiplied by tile  1 to V ~eplleid  amplitude ratio, and then

added to the 1 magnitude, averaged over four epochs. This yields the corrected mean 1

magnitude. Recause the light curves are well saIILpled in almost all cases, corrections for

NGC 4414 were typically very slnall,  about  +0.05 mag, with an average of –0.036 + 0.023

IILag, ancl a maximum correction of —0.17 Illag.

For each Cepheid candidate, Table 6 presents the chip number, coordinates, period,

intensity-averaged and phase-weightecl  mean V and 1 magnitudes and errors, the {

band correc.tioll  clesc.ribed above, axlcl a description. Figure 8 snows all [ versus V – I

color  lnagnitude  cliagram  (CMD) of all

candidates overplotted  as solid circles.

alld  red supergiant plLmle that are seen

the stars on chips  2 through 4 with the Cepheicl

Tile CMD  lacks  the well defined I]lain  sequence

i[l lIlore  llearby alld  less crow(led  galaxies like Mill

(IIughes  rl al. 19!34)  and NGC 925 (Silberlllallll  ~1 al. 1996). This is  undoubtedly a  resul t  of

the extrexl~e  crowding in NGC 4414. Most of tile  Cepheid  candidates lie in t}le area of the

instability strip.
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Two of the Cepheid  candidates were excluded frw]l  the PI, fit for tl[e following reasons.

IIILages are still spherically aberrated  when they intersect tile  pyramid lIlirror,  so all stars

within roughly 1’.’25 of the edge  of any chip have their light split between two chips.  Cepheid

C.alldiclate  C9 was excluded from the fit to tile  PI, relation because it lies near the pyrarrlid

edge  of chip 4. A back-of-the-envelope calculation SIIOWS  that up to 18% of C9’S light Ilmy

be lost. Candidate C6 was also checked for this effect, but was found to lose < 1% of its

light, so it was retained in the PI, fit. We have retained candidate C4 in the final Cepheicl

sample because of its classic Cepheid light curve at V, but have excluded it in fitting the

PI, relation clue to its unusually red  color, V – 1 = 1.60 in the AI, I, F’RAME  phase-weighted

photometry.

6 .  Pe r iod  Luminos i ty  Re la t ions  and  the  Dis t ance  to  NGC 4 4 1 4

The method used to determine tile distance to NGC 4414 is the same as that used in

otl]er papers  of the Key Project series. A x]~ore detailed description of this metllocl  is given

in Ferrarese et al. (1996). only a brief sulllIIlary  will Ije provided here.

The apparent V and 1 distance ll~oduli  to NGC 4414 were derived using tile  standard

V and I PI, relations listed  by Maclore  & Freedman (1991), based on I,MC  Cepheicl

data, scaled to a true modulus of 18.50 and corrected for an average IjMC reclclenillg  of

E( D – V) = 0.10 nlag. The adopted PI, relations are

I\’[\/ = –2.76 (log P – 1.0) – 4 .16 (4)

Wl(l

M[ = –3.06 (log  P – 1.0) – 4 .87 (5)

The slope of the PI, relations was fixed to those  of tl]e I,MC  ill the fit to tl~e NGC 4414

CIeplleid  data. fly  solving for only  tile  zero poillt  in tile  rcgressioll,  we avoid  Lias in tile
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slope  due to incon~pleteness  at Faiut Illagni  t udes.

The V and I phase-weigl]ted  PI, relatiom for NGC 4414 are shown in Figure !3. open

circles are Cepheid candidates which were not used in t,lle fit for reasons discussed in the

previous section. The solid lines represent the best fit to the I,MC PI, relations, while the

dotted  lines show two sigma deviations frolll the mean I,MC  PI, relations, at +0.54 for V

an[l +0.36 for I (Madore  & Freed  [na[l 1991). Given the wicltli  of t}le  instability strip, almost

all Cepheids will fall inside these limits, in the absence of clifferential  recldening.  These PI,

relations give apparent distance moduli  of /tv == 31.43 + 0.12 and p[ = 31.41 * 0.09, where

the quoted errors are calculated from the scatter in the NGC 4414 PI, relations.

h4uch of the scatter in the V and  1 PI, relations is correlated between the bandpasses,

due to the effects of differential reddening and position within the finite width of the

instability strip. Figure 10 shows a plot of the l-band  PI, residuals versus the V-band

residuals for the NGC 4414 Cepheids. The solid line shows  the slope and full width of tile

expected correlation clue to irltri~lsic i~lstal)ility  strip  width.  The clotted line S}1OWS the

effect of differential redclening;. There is good agreemellt  between the data and both the

expected  width and slope of the residual correlations, [Jncorrelated  photometric errors

of approximately 0.09 mag, divided between ttle  V and 1 plLotolnetry  are the most likely

source of t}le relnaining  scatter shown  in Figure 10.

To derive the true distance IIlOdLIl  us for NGC 4414, we must correct for the average

lille-of-sig]lt  reddening to the Cepheids.  q’he true distance InodLllus  pO, definecl  as

//0 = /lv – AL., z /[[ – AI, (6)

requifes  that

/tv –/t/ == Av – AI = L’(V – /). (7)

For OLIL’  saIl~ple  of ~epheids,  we fiIld F;( v – ]) = 0.02* ().()6 IImg. The ~arde]]i cl u1. ( 1!3S9)
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extinction law gives

A(l)/A(V) = 0.773 – 0.587/fiv (8)

wit]] Rv = A( V)/ E(Il — V) f o r  tile  JOh IEWII V ML(1 ~c)usi Ils 1 passbarlds.  We assu[lle

}tv = R~N1c = 3.30 as in previous papers  iu the series, e.g. Ferrarese  et al. (1996). This

gives a true distance II1OC1U1US to NGC 4414 of ~{0 = 31.38 + 0.09, corresponding to a

distance of 18.9+ 0.8 Mpc.

The choice of photometry set or met}locl  for fincling Cepheicl  mean magnitudes does

not affect our derived clistance  modulus. Distance Inocluli clerived from AI, I, FR.AMF,  and

DoPIIOT intensity-averaged and phase-weighted Illagnitudes  are given in Table 7. The

effects of excluding the most deviant point in the sample, Cepheicl  candidate C6, as well as

inducting all Cepheid  candidates, are also shown. Each of these mocluli is consistent within

the errors with the modulus derived from AI,l,FRAME  phase-weighted lllagnitudes  above.

T}le errors citecl  above are all internal errors, arising from the scatter in the NGC 4414

PI, relations. To get a Illore realistic estilllate in tile  uncertainty in the distance, we Illust

consider other possible ranclo]ll  or systematic errors in the Cepheid PI, fitting method. T&le

8 presents the error budget for the clistance  to NGC 4414. We include the uncertainties

due to metallicity,  I,MC  distance modulus,  ancl photonletric  calibration,  in addition to the

uncertainty arising from the scatter of the PI, relations, correlated between the V and 1

bandpasses.

A potential source of systelllatic  error ill tile  distance to NGC  4414 is tile  possible

llletallicity  dependence  o f  the Cepheid PI, relatioll  at V a n d  1. Kennicutt  et al. (1997)

nave analyzed 11ST photometry of two Ceplleid  fields in M101, a[ld fiILd \veak evidence  for a

xlletallicity  clependence,  at the level of d(rn. – Jl)O/d[O/ /1] == –0.24 + 0.16 llmg/dex.  If tile

average abulldallce  of tile  NCC 4414 Cepllei{ls differs substantially frolll that of tile  l,NIC

~;epllci(ls which  calibrate the PI, relation, this coul(l intro(luce  a slllall  but signi(icallt  error
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in tile  derived distance.

LJnfortunately  t}lere are no published  II II region abullclanc.es available for this galaxy,

so we can only estimate the abundance of the Cepheid  field, using the relation between

absolute magnitude and abundance of 7,aritsky,  Kellnicutt,  & IIuchra  (1994). Combining

tile  distance nleasured  in this paper with photometry frolll  Tully (1988) yields an absolute

blue magnitude hfB = –20.3 for N(3C  4414. The lnean 11 11 region abundance of Sc

galaxies in the Zaritsky et al. (1994) sample is log(O/11)  = –3.1, or approximately solar,

measured at the average radius of the Cepheicls  (p/p.  = 0.6). This crucle estimate is

uncertain by at least a factor of two, clue to the dispersion in the metallicity-lumino  sity

relation. Thus the NGC 4414 Cepheids  are likely to be w 2 times more metal-rich than the

I,MC  Cep}leicls,  which COU)CI cause the Cepheid  distance of NGC 4414 to be underestimated

by <0.1 magnitudes. C;iven  the uncertainties in these  estimates, we have not attempted to

apply a metallicity  correction, and instead inc.lucle  the uncertainty in the error buclget  in

Table 8. We plan to measure 1111 abundances for this galaxy, ancl will revisit this question

at the conclusion of the Key Project.

7. Comparison to Previous Distance Estimates

Previous distance estimates to NGC 4414 have been either based on nleasurements

of hTC,C 4414 itself or on indirect  estinlates  via its assunled  memberslkip  in the Coma I

Cloucl. Table 9 compares our uleasurement  to previous distance estin~ates  for NCC 4414.

Most of the recent n~easurerllents  to NGC 4414, based on either tile  TF lllethocl  or the peak

brightness of SN 1974G,  lie in tile  17-18 Mpc raILge,  in excellent agreelllent  with our value

of 1s.9 + 1.9 Mpc.

As mentioned earlier, tile  clistribution  of galaxies in the (~oIiIa 1 region  appears to
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b e  IIIUCII IILOre complex tlml origimdly assuIIled, TtIe ~oIIm 1 (JIou(l  is tlIe classical

devaucou]eurs  ( 19’75)  group 13, and the ~ollla-scu]ptor  cloud  of TLl]ly ( 19?23).  It is a loose

group, spread over more than  10°, with a core of elliptical, Aaronsoll  & Mould  (1983)

exanlined  tbe Tully-Fisller  relatioxl  for the Collla I ,group, and found an unusually large

dispersion. The CfA2  redshift survey shows only a loose association of galaxies arouucl

NGC 4414, perhaps two groups  slightly offset in right ascension centered around 12h20’” and

700 kill S-l and 12~15r~ and 1000 km s- 1 (l Iuc.tlra & Geller 1997). The Virgocentric.  flow

model (Aaronson  et al. 1982a)  is unhelpful, because NGC 4414 is 18° away from the center

of the Virgo cluster and in the “triple-value zone, ” where distance is not a single valued

function of redshift.  Distances cleter~llinecl  for some other members of Coma I by the SBF,

PNI,F, or GCLF methods are sig!lific.antly  lower tharl  that derived for NGC 4414 (Jacoby  et

d. 1996, Flernming  d al. 1995 ,  Simarcl  & Pritchet 1994). IIowever , a recent  determination

of the distance to the Coma I Cloud using  SBF distances to 4 galaxies yields a distance of

about  15 Mpc (Tonry, private corll[ll~l[licatiox~).  Taken together, these results suggest the

Colna I Cloucl  may not be a distinct group, but in Fdct be a projectioll  of galaxies along  the

line of sight, or perhaps two superposed groups. Our distance to N(;C 4414 is therefore of

limited use for calibrating secondary distance indicators pertaining to the Coma I Cloud.

8. Itnplications  for Secondary Distance Indicators

NGC 4414 acids inlportant  calibratioll  points for both the TF relation and the SN

la peak  brightness methods, More colllplete discussions of the illlpact of the Key Project

distances on these calibrations will be presented i[l tile  future. Ilere, we briefly discuss tile

collsistellcy  of the NCC 4414 results with  existillg calibratioxls.

In Figure 11, calibrators  of  tile  TF relation are plotted (Mould  et al. 19!35 and

references thereiu). We use our new ~eplleid  (listaIlce  Illodulus  a[ld 1[!.,5 = 7.83 Jllag and
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A\&O = ,509 kill S- 1 fron~ Aamnson  el al. ( 1982b) to plac,e NGC  4 4 1 4  on tilis plot, shown  as

an open circle with error bars. Tlte overplotted  line is the calibration of Mould  61 al. ( 1995).

The new Cepheicl distance to NC; C 4414 places  it approxillmtely  0.3 IImg above  this line,

well within the observed scatter of 0..5 rlmg.

NCC 4414 was host to a Type Ia SN, 1974{;. Photographic photonletry  published

by Ciatti & Rosino  (1977) and subsequently reatlalyzecl  by I,eibundfyt  et al. ( 1991) and

Vaughan Ft cd. (1995) are shown in Table 10, alollg  with the reddening corrected values, alld

the llB and illv  magnitudes of SN 1974G derived using our new distance to NGC 4414. The

reddening corrections to the observed values are cluite uncertain, given the large uncertainty

ill tile  observed color ancl in the assu[necl  intrilisic  (B – V) B,,,OZ  for the supernova. The

absolute magnitudes of SN 1974G are in reasonable agreement with tbe average SN

Type Ia luminosities as determined by Saha et al. (1997), ]l~~r,,a= = –19.52 + 0.07 and

M;n,az = –19.48 + 0.07. For comparison, the calibration of }Iamuy  el cd. (1996) gives

Mg,,,o= = –19.26 + 0.05 ancl &l;,,ia,  = –19.27 +- 0.05 for Amls(B) = 1.1, which  is consistent

with the Anz15(L’)  of the lightcurve  of SN 1974G (I,eibunclgut  et al, 1991). It is clear that

the usefulness of SN 1974G as a calibrator of the ShT Type Ia secondary distance indicator

is limited by the cluality  of the photometry of the supernova, and not by our derived

clistance  to NGC 4414. This situation nlay improve as B. Schaefer (private collllllLll~icatioIl)

is reanalyzing unpublished photometry of SN 1974G.

The work presented in this paper is based on observations with  tbe NASA/ESA IIubble

Space Telescope, obtained by the Space Telescope Sciellce  Institute, which is operated

by AI.JRA, Inc. under NASA contract No. 5-26555. Support for this work was provided

by NASA through grant GO-2227 -S7A. This researcl)  has Illa(le use of the NASA/IPAC

Extragalactic  D a t a b a s e  (NED) wllicll is operde(l  by tile  .lc~t PropulsiolL  I,aboratory,

Cal(ecll, umler  contract  with t,lle Natiold  Aeronau t i cs  au(l Space AdllliIlistratioll.  A.T.
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A . Local Standards

Several relatively isolatecl  stars were chosen on each WIW chip to serve as local

standards. In addition to their isolation, these stars were picked because their profiles

were well fit by AI,l,FRAMF,, photometric errors were slnall  with good frame-to-frame

repeatability their sky background was uncomplicated, and they were relatively bright.

Tile V and 1 magnitudes of these stars derived from their A1,LFRAME photometry are

given in Tables 1 la-c.

B. Other Possible Variables

Several variable candidates were excluded from the list of Cepheid candidates, due to

the shapes of their light curves , low amplitude, inconsistency between photometry sets,

degree of crowding, or location on the PC. Those candidates which appear to have real

variability are listed in Table 12 along with their chip number, coordinates, possible period,

and intensity-averaged V and 1 magnitudes. Finder charts are given in Figure  12.
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TAD1,lI: 1
[,oG OF ~USIItILVA’1’IONS

— . ————

lIIMgC  Root Name Obs. Dale Filter Rxp (See)

[J2782701T
U2782702T
U27W703T
U2782704T
LJ2782801T
U2782802T
U2782901T
U2782902T
U2782903T
U2782904T
U2782905T
U2782906T
(J2782AOIT
U2782A02T
U27821101T
U2782R02T
U2782C01T
U2782C02T
U2782D01T
[J27WD02T
U2782D03T
U2782D04T
LJ27S2D05T
U2782D06T
[J2782D07T
U2782D08T
U2782E01T
IJ2782E02T
U27S2F’01’T
(J27S2F02T
U27S2G01T
U27S2G02T
(J27S21101T
(J27S21102T
[Jy~~Jlolq’

[J27S2102T
(;z~8yIO;~T

(JX-S2104T
[J2S75901T
[J2S75902T

6 April  1995
6 April 1995
6 April 1995
6 April  1995
8 April  1995
8 April  1995
10 April  1995
10 April 1995
10 April 1995
10 April 1995
10 April 1995
10 April 1995
12 April 1995
12 April 1995
15 April 1995
15 April 1995
19 April 1995
19 April 1995
24 April 1995
Y4 April 1995
24 April 1995
24 April 1995
24 April 1995
24 April 1995
24 April  1995
24 April 1995
29 April 1995
29 April 1995

G May 1995
6 May 1995
15 May  1995
15 May 1995
26 May 19!35
26 May 1995
10 Julie  1995
10 June 1995
10 J U1lC 1995
10 .Illtlt’  199!5
15 April 1996
15 April 1996

1“.5515W
I“555W
F’814W
F814W
I’.5,55W
F55t5w
l’555w
F555W
R314W
F814W
I’439W
I’439W
F555W
F555W
F555W
I’.555W
F555W
F555W
F’555W
F555W
F555W
F%14W
14’S14W
F814W
F439W
F’439W
F’555W
F555W
l’<555w
F555W
I“555W
F555W
F55,5W
I“5!55W
Y’!lmw
F’&55w
1JS14W
F’814W
l~,5,5,5w
1“,5!55W

1(500
1000
1000
1500
1!500
1000
1500
1000
1000
1500
1500
1000
1500
1000
1500
1000
1500
1000
1500
1000
230
230
1500
1000
1000
1500
1500
1000
1500
1000
1500
1000
1500
1000
1500
1000
1(-)00
1500
1100
1100

IIJD (Illik:xp)

~,~lf)glltzlg~

2449s14.:1063
2449814.3202
2449(S14.3794
2449816.1265
244981(3.1806
2449817.8688
24498 J7.9229
2449817.9367
2449817.9924
2449818.0598
2449818.1235
2449820.2819
2449820.3353
2449823.2318
2449823.2837
2449827.3198
2449827.3710
2449831.7313
2449831.7937
2449831.8025
2449831.8080
2449831.8633
2449831.9277
2449831.9416
2449831.9973
2449S37.2373
2449837.2S78
2449S43.7271
~44~S4~7874
2449852.8577
2449S52.9069
2449s64:2!506
~44$)S~4.:]12;]
~449ti7~.5904
~449g7~.fi417
2449878.&5i56
~449s7~.7119
24501s9.(-)857
~,1/j(-)l~f).loo:~

.—



TABLE  2
AI. I, F’RAME (3ALIBRAI>ION

Filter  Chip Zero Point  Ap. Cor. Al A2 A 3
—.——— —

F555W 2 22.522 +0.057 –0.900 –0.052 +0.027
3 22.530 –0.027 –0.976  –0.052 +0.027
4 22.506 +0.015 –0.958 –0.052 +0.027

F814W 2 21,657 +0.054 –1.768 –0.063 +0.025
3 21.638 +0.010 –1.831 –0,063 +0.025
4 21.609 +0.056 –1./314 –0.063 +0.025

TABI,E  3
COMI)ARISON  OF A1,l,PRANIE A N D  DoP1lOT  MA G N I T U D E S

— —.

Chip # Stars <AV> C7~V #  S t a r s <AI> UA [
(v) (1)

2 22 –0 .044 + 0.017 0.076 21 +0.04s + 0.014 0.063
3 36 –0 .042 + 0.010 0.057 33 +0.033 + 0.009 0.052
4 13 –0 .030 * 0.021 0.071 12 +0.064 + 0.023 0.072

2-4 71 – 0 . 0 4 0  + 0.008 0.067 66 +0.043 + 0.008 0.061

No~~;.—Amag  z IIlagA[,[,F[{Atrl;  – IIlagl)Ol~tlol



TADI,F: 4
AJ, I, FRAME  V PHWOM!HKY FOR TIIE FI N A L  SAMPLE

V-+AV
———

II!JD c1  P = 45.5 C2 P == 20.4 C3 P = 33.8 (:4 P = 36.9 G5 P =- 26.4 C6 P = 2 8 . 8
—.

2449814.2S
2449 S16.16
2449817.90
2449820.31
2449823.26
2449S27.35
2449831.76
244!9837.26
2449843.76
2449852.88
2449S64.28
2449S78.62
2450189.08

26.<54  + 0.16
26.59 * 0.13
26.31 + 0.16
25.77 +- 0.11
25.27 + 0.10
25.54 + 0.11
25.89 + 0.13

25.77 + 0.11
26.474:0.18
26.46 + 0.17
25.75+0.11
25.56 + 0.10
25.56 + 0.31

26.16+0.21  2!5.47 +0.08 2fi.84 f 0.16
25.71+0.13  25.53+0.16 2,5.32  + 0.15
25.84+0.12  25.69+0.11 25.84 + 0.14
25.92%0.08 25.&5&0.09 25.93 + 0.17
26.70+0.14  25.71 +0.0S 26.06 + 0.17
27.21+0.33  25.87+0.11 26.35 * 0.17
26.77+0.18  25.89+0.11 26.60 + 0.35
25.83+0.08  25.15+0.07 26.79 + 0,24
26.23+0.13 25.29+0.08 26.79 + 0.25
26.59+0.14  25.40+0.09  25.99+0.20
26.69+0.12  2t5.99 +0.10 26.44 + 0.21
26.11+0.09  25.32+0.07  . . .
26.34+0.17  25.52&0.09 26.07 + 0.16

26.05 +“ 0.16
2(5.79 +- 0.12
26.27 + 0.16
26.404,0.19
26.50 +: 0.16
26.81 + 0.26
26.88 + 0.22
25.55 + 0.10
26.23 + 0.12
26.7S + 0.18
25.324:0.10
27.21 & 0.28
26.35 + 0.16

25.53 + 0.0s
25.10 * 0.13
24.93 + 0.07
25.01 + 0.07
25.07 + 0.08
25.19 + 0.09
25.05 + 0.15
25.61 + 0.13
25.60 ~0.15
25.09 + 0.10
25.72+0.15
24.96 * 0.09
25.39 + 0.13

V+AV
llJD ~7P =68.2  C8P=19.O C9P =40.8 CIOP =42.7 Cll P=34.O

2449814.28 25.55 S 0.10 26.06 + 0.09 25.86 + 0.13 26.49 f 0.14 26.12 * 0.20
2 4 4 9 8 1 6 . 1 6  25.50+0.08  26.10+0.14  25.74+0.12 26.10 + 0.09 26.14+0.13
2 4 4 9 8 1 7 . 9 0  25.45&0.08  26.23+0.11  2,5.?;7 +0.13 25.83 + 0.11 26.05 + 0.16
2 4 4 %  S 2 0 . 3 1  25.51+0.07  26.19+0.11  25.69+-0.10 25.53 + 0.13 25.65 + 0.19
2 4 4 9  S 2 3 . 2 6  25.47+0.08  26.65+0.17  25.83+0.10 25.37 + 0.08 25.43 ~k 0.15
2 4 4 9  S 2 7 . 3 5  25.62*0.08  27.37+0.44  26.19+0.10 25.51 + 0.08 25.46 + 0.13
2 4 4 9 8 3 1 . 7 6  25.73+0.10  25.98+0.11  26.28+0.11 25.62 * 0.0!3 25.61 + 0.11
2 4 4 9 8 3 7 . 2 6  25.38*0.08  26.24+0.15  25.34*0.08 25.86 * 0.09 25.80 * 0.13
2 4 4 9 8 4 3 . 7 6  25.14+0.06  26.S9 +0.18 25.29&0.08 26.12+0.11 25.74 + 0.12
2 4 4 9  S 5 2 . 8 8  24.9.5+0.07  2.5.73+0.16  25.64+0.08 26.48 + 0.12 26.06 + 0.12
2449864.”28 25.23*0.09  27.08%0.23 26.00+0.11 2!5.46 * 0.07 2.5.51 + 0.06
2 4 4 9  S 7 S . 6 2  25.38+0.09  26.80 +0.’21  25.24 f0.09 25.74+0.11 2J.71 + 0.12
2.4.50189.0s 24.90*0.06 . . . 25.91 + 0.10 26.31 * 0.13 26.21 * 0.15

— .—

N,,l~.-QLlott’cler  rorsdo~lot illclllclt'  L~llcertail~ty  ill JJllotollletric  calibratio1l.



TA1l  I/l(: 5
ALI, FRAMII  1 PH O T O M E T R Y  FOR TIIILI FINAL SAMPLE

— — .  _ — — .

l~Al
IIJJ)

—.
Cl P = 45..5 C? P = 20.4 Cl P == 33.8 C4 P == 36.9 C 5  P = 26.4 (M P = 28.8

2449814.35 2,5.46 + 0.14 25.42 + 0.13 24.60 + 0.06 24,55 + 0.17 24.80 + 0.12 24.76 * 0.14
2449817.96 24.75 + 0,12 25.52 + 0.14 24,6:3  + 0.12 24.83 * 0.13 25.41 *0.17 24.28 + 0,12
2 4 4 9 8 3 1 . 9 0  24.78+0.12  25.57+0.17  24.86+0.12 24.82 + 0.13 25.66 + 0.17 24.59 + 0.11
2 4 4 9 8 7 8 . 6 8  24.77+0,10  25,11+0.12  24,59+0.07  25.04+0.27 25.92 k 0.24 24.40 + 0.15—— . —  _

[&Al
IIJD ‘~7p=N3.2-  ~8n~=Y9:o—-~9  p<-40~--~Iol~~~2T~fil~fi1  P= 3 4 . 0———

‘ 2 4 4 9 8 1 4 . 3 5  24.28 ~0.06 25.46 +0.12 –~-4~”z-0.TS--  25.01 +O~(jj-”’%Y6+o.30
2 4 4 9 8 1 7 . 9 6  24.29 ~0.08 25.82+0.19  24.764:0.07 24.99 + 0.09 25.19+0.15
2449831.90 24.54 + 0,08 25.83+ 0.14 25.184-0,08 24.53 + 0.05 24.62 + 0.13
2449878.68 24.22 & 0.07 25.89 ~ 0.21 24.61 +- 0.09 24.89 + 0.16 24.67 + 0.19

NolE;. -Quoted  errors  C1O uot include uncertainty in photox]letric  calibration.

TAII [,1; 6
PARAhlt;lERS FOR 1’JIE NGfG 4414 ~EI’HEIDS

.—— —

Ill ~hi~  ~ ~ P Vj ~ V,,t, k c7L/&,& Iph u [Fh Ii~* Ul,,, 1–14

c1 2 779.7 140.0 45.5 25.99 0.14 25.88 0.14 24.89 0.12 24.84 0.12 –0.07
C2 2 228.5 384.3 20.4 26.37 0.15 26.23 0.13 25.51 0.1,5 25.42 0.14 0.03
C3 2 1 4 5 . 7  696.6 33 .8  25.51 0.09 25.55 0.09 24.69 0.10 24.&5  0.09 –0.01
C4* 3 256.7 264.1 36.9 26.28 0.20 26.08 0.18 24.68 0.17 24.66 0.17 –0.14
C5 3 109.7 487.0 26.4 26.21 0.1.5 26.19 0,14 25.22 0.16 25.20 0.16 –0.17
m 3 45.8 519.8 28.8 25.23 0.11 25.22 0.11 24.60 0.13 24,56 0.13 0.06
C7 3 348.9  647.6 68.2 25.29 0.08 25.34 0.08 24.27 0.07 24.24 0.07 –0.09
C8 3 365.4 770.8 19.0 26.39 0.15 26.35 0.15 25.85 0.17 25.80 0.16 0.07
C9* 4 695.0 50.8 40. s 2!5.66 0.09 25.71 0.10 24.78 0.08 24.79 0.0S –0.02
Clo 4 505.7 484.5 42.7 25.87 0.10 25.S2 0.10 24.S2 0.09 24.81 0.09 –0.03
Cll 4 406.0 83.5 34,0 25.71 0.13 25.7S 0.13 24,78 0.16 24.86 0.18 –0.04

——

“excluded frolll PI, fit
No~&.-–All  parameters derived froII~ AI,l,F’RAME  pllotoIllet,ry.  ~1-cro~vded,  3 fai]lter stars  at 0’$

0’5. ~2- several fairlter stars  at O’2F0’L5.  ~;l-brigltt  allcl  isolated. ~4--faiIlt, oue IJrigllt star at NO’~3,
~5-brigllt Background. U3-bright,  oIle bright  star at wOf13.  ~’7-bright aIId i s o l a t e d .  Us-briglit,  t}vo
Lrig]lt stars  \vitlliIl O’L5. ~!l-ttvo  stars  *0’~4 a}vay. (.~10- ljrigl]t itII(l isolated. cl 1- cro;vded,  bright
Lacligroulld.



TAIII,E  7
C O M P A R I S O N  OF DISTANCE  MODULI

— — —

Photometry Set /l\/ p I E(v–1) /f~

AI,  LFRAME phase-weighted 31.43 * 0.12 31.41 * 0.09 0.02* 0.06 31.38 * 0.09
AJ,I,FR.AMI?  intensity-averaged 31.40+0.12  31.38+0.09  0.02+0.06  31.35+0.09
DoPHOT phase-weightecl 31.42+0.10  31.40+0.08  0.02+0.08  31.37+0.17
DoPIIOT intensity-averagecl 31.39 + 0.10 31.36 + 0.08 0.03 + 0.07 31.32 + 0.14
A I, I, FRAME phase-weighted, C6 exclucled 31.52 + 0.09 31.48 + 0.07 0.04 + 0.05 31.42 + 0.10
A I, I, FRAME phase-weighted, all candidates 31.49 + 0.11 31.41 + 0.08 0.08 + 0.08 31.29 + 0.16



TAII1,I?  8
E1tRoR  BUDC;  E’1 IN llIE NGC 4414 DIS’1’ANCE

——-—— ——...——.

Source of (Jncertai[lty Descr ip t ion  o f  Uncer ta in ty  Random Errors  Systelnatic  Errors N o t e s

NGC 4414
[ a ]  WF’PC2  V-hand
zero  point
[b] WFPC2 ]-band
zero point
[c] contribution  f r o m
[(,]&[Z)]
[d] Cepheicl  V
Illoclulus
[e] ~epheid  1 modulus
[j] Umtribution  from
[(l]&[e]
[g] Metallicity  effects

LMC
[h] l,hlC  true distance
modulus
[i] V PIJ zero point

[k] I,MC tot al
contribution

Total Uncertainty

[a],[b] uncorrelated,  bu t .
coupled by reddening la}v
PI, crv

PI) 0[
[d], [e] partially correlated

Independent estimates

I,MC Pr,
at, == (().27)/fi

I,MC PI,
al == (o.18)/m
[h],[i],~] added in
cluaclrat ure

[c], [~],[g],tk[k] added  in
cluadrature

0.04

0.04

0.12

0.10

0.08
0.09

. . .

. . .

. . .

. . .

. . .

0.21

. . . 1

. . . 1

. . . 2

. . .

. . .

. . .

0.10

0.10 3

0.05 4

0.03 4

0.12

Nor~,---–The error  budget  in the determination of  the true distance modulLls. (1) froln  lIil} el
al. 1997. (2) Application of the reddening law is discussed in Ferrarese et al. 1 !396 and coupled error—
given by a2 x (1 — R)z + W x W \v}lere R is A(V)/ ll(V — 1) = 2,47,  according to tile  Cardelli rl

al, 1989 exti I]ction Ia\v,  (3) Westerlund (1997). (4) Ttlere are 32 Cepheids  in tl]e I,MC ~vit,ll  published
V[ pllotollletry  (Madore  & lleedlllall  1991).  Tile Illeasure(l  d i spe r s ion  in ttle  PI, relatiolls  at V and
1 arc 0.27 dud 0.18 nmg,  respectively.
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TADI,E 9
D ISTANCES TO NG~ 4414

—

Galaxy I)ist.  (Mpc) klet]lod l{eferellce

NGC 4414 10.5 11 II regions, bright  stars, lucllillosity  class deVaucouleurs  ( 1975)
16.8: ]unlinosity  class Sanclage  & Tammalln (1975)
13.8 tertiary indicators deVaucouleurs  (1979)

17.4 * 0.5 SN Type Ia (Illodel) Miiller  & IIoflicll  (1994)
18.2 + 2.5 Tully-Fisher  (h’, j~, z, & 11 band) Pierce (1994)
17.5 + 5 SN Type Ia (moclel) IIoflich  & Khokholv  (1996)

19.1 + 1.9 Cepheicls this paper

TAFII,I? 10
SAT 1974G MAGNITUL)ES

—.———.———

Observed Quantities

B7715X Vn,ax (D - V) B,,,O= Sources

12.5 + 0.2 12.3 +- 0.2 0.17 * 0.10 1
12.48 + 0.21 12.39 + 0.30 0.10 + 0.36 2

Derived Quantities

Li’:az V:a= lvl&,a  , Mv,,,a% Sollrces
———

ll.s +0.5 ll.s +0.4 –19.6  * 0,5 –1!3.6 * 0.5 1
12 .0S + 1.46 12,0!3 + 1.13 –19.30 + 1.48 –19.29 + 1.15 2

No~~.–-Reclde1ling; correction assumes ( L’ – V)~,r,o= = 0.00 + 0.04
( S c h a f e r  199<5) and RFI = 4. Sources: (1) I,eibundgut  6/ al, ( 1 9 9 1 ) ,
with our esti!nated  errors. (2) Vaugha[l  el al, (1!395).



In
——

5189
5940
5174
6006
6031
2764
5502
4607
4136
5958
2977
3233
5197
4595
4773
5843
1890
1666
4,586
5876
5740
3837

TA1]l, E 1 lA
l,OCAL S’IANL)ARDS  WF-2

———

x 1’ v ~~f
——

309.78 371.43 20,93 0.01
283.65 559.38 22.01 0.01
668.28 369.59  2 3 . 5 2  0 . 0 1
205.69  608.08 23.41 0.01
433.34  632.18  24.23 0.01
587.14 182.00 23.9S 0.02
135.23 409.22 24.06 0.01
254.04 315.74 24.02 0.03
324.36 273.80 24.07 0.03
417.99 570.27 24.57 0.02
659.19 194.23 24.16 0.03
514.17  211.26  24.24 0.03
574.27 372.13 24.33 0.02
386.01 314.92 24.78 0.03
428.05 332.30 24.61 0.04
169.11 4 9 6 . 4 1  2!5.16 0 . 0 4
692.88 128.37 24.95 0.04
753.75 115.77 24.91 0.04
328.39 313.96  2 4 . 9 5  0 . 0 4
79.29 509.84 25 .14  0 .04
505.36 469.70 25.63 0.04
623.90 251.34 23.39 0.01

I

20.31
21.03
22.53
22.51
22.45
23.28
23.15
23.59
23.75
24.42
23.64
24.27
23.73
24.48
23.76
24.77
24.57
24.63
24.59
24.89
24.83
21.30

0.01
0.01
0.01
0.01
0.01
0.04
0.03
0.05
0.05
0.05
0.05
0.07
0.05
0.07
0.06
0.06
0.07
0.07
0.07
0.06
0.06
0.04

No~~;.—N1agIlitlLdc*s  of local standaucls  are based ml
AI, I, FRANIE  pllotollletry. lrmrs qLLoted  do Ilot inc-
lude l~ncertainty in the photollletric  calibration.



TADI, R llB
[XXAL STANL)ARDS  W17-3

ID
—.
3953
4508
1!560
1900
3724
4095
5585
2579
1742
1300
3113
4431
4022
4860
5110
5731
4821
212
6063
1361
565
5767
5583
5912
3995
2324
6131
6079
4488
5247
4679
485s
4477
28,53
5759
6060

x

321.64
169.30
482.82
37!5.91
379.18
121.06
619.92
443.59
646.90
288.69
287.13
322.04
191.18
543.06
402.46
710.6!5
80.73
320.53
544.75
243.54
332.15
108.13
134.65
144.82
275.99
259.75
163.42
450.26
372.22
64.73
291.73
461.06
200.19
348.22
635.3s
317.69

Y

420..58
479.19
192.06
220,52
398.06
436.0s
622.25
288.68
207.14
166.50
343.66
469.92
427.35
516.62
544.66
65t5.84
512.64
71.65
735.39
172.16
99.22
665.08
622.08
704.94
424.27
264.05
747.96
739.49
477.43
563.51
496,56
516.11
475.s3
317.s4
662.99
735,12

v

20.16
~~.g:]

23.17
22.80
22.86
22.78
23.40
23.29
23.31
23.65
23.68
23.58
23.79
24.24
24.08
24.18
23.72
23.70
24.32
2:3.98
24.55
24.57
24.82

24.86
23.51
24.45
24.99
24.76
24.84
24.77
24.84
24.96
24.78
24.96

25.2s
~J#yl

.—

0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.02
0.01
0.01
0,01
0.01
0.02
0.01
0.02
0.03
0.03
0.03
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.0:3
0.03
0.03
0.03

1

19.39
21,62
22.62
22.39
22.65
21.87
23,35
22.62
22.43
22.89
22.80
2:3.70
22.95
23.29
21.46
24.08
23.50
22.59
24.36
22.55
23.49
24.37
23.96
25.11
23.35
23.19
24.33
24.14
24.91
24.75
24.95
24.60
~3.87
~4.:39
~~.~~

24. s1

C7[

0.00
0.01
0.03
0.01
0.03
0.02
0.02
0.01
0.02
0.03
0.03
0.05
0.04
0.02
0.01
0.04
0.05
0.03
0.05
0.04
0.04
0.05
0.05
0.08
0.05
0.04
0.05
0.05
0.07
0.07
0.08
0.06
0.06
0.06
0.09
0.08

NOTIJ--- Magllitu(les  of local standwls  are bawl ou
A1,l, FHAME pl]otollletry.  lI; rrors  quotul  (10 Ilot iu-
clu(le ullct’rtainty i[l tilt’  pllolo[llciric cdil)raflioll.



TAR[,E  1 lC
I,OCAL ST A N D A R D S  WF-4

I 1) Y

4461
3383
6234
19-46
1155
6238
2262
6575
6202
1012
6362
5799
3390

384.05
379.46
351.90
438.85
495.97
243.85
475.25
360.97
238.40
765.42
474.91
460.75
503,77

270.14
210.90
485.69
147.18
108.97
485.88
161.92
667.00
478.30
103.14
530.52
405.90
211.32

v

23.48
22.73
23.45
23.91
2:3.82
23.98
2:3.53
25.36
24.59
24.80
25.11
25.11
24.82

I

0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.03
0.03
0.03
0.03
0.04
0.03

22.60
22.45
23.58
23.16
23.65
23.01
22.77
23.23
24.40
24.88
25.18
23.37
24.25

0.01
0.02
0.04
0.03
0.04
0.03
0.04
0.02
0.06
0.06
0.08
0.03
0.06

Nom. -–Iagnitucleses  of local standards are based  on
AI, I, FRAh41? photometry. Errors quoted do not in-
clude uncertainty in tile  photonletric  calibration.

TAFII,E 12
PARAMJJT’ERS  FOR C)I’IIER POSSIBLE NGC 4414 \rARIABLES

ID Chip X Y Possible P Knt 1~~,~

C12 1
C13 2
C14 1
C15 1
C16 2
C17 2
C18 3
C19 3
(.;20 3
C21 4

775.1
670.4
225.3
1s1.5
734.4
744.2
275.1
1.51.9
140.4
176.8

91.3
44.7

153.7
230.4

95.6
312.9

73.2
559.2
597.8
327.5

69.5
35.0
29.2
23.8
19.9
18.8
:32.s
30.’2
14.7
~g.4

24.99
25.71
26.16
25.59
26.39
26.2s
25.93
26.27
‘26.52
pfi,()~

23.98
24,$8
24.98
24.24
25.93
25.62
25.14
24.99
25.43
‘25,12



Fig. 1.— B-band  in~age of’ NGC’ 4111 till{cll  ilt t.flc  121JW0 1.”2[11 te lescope in w 2!’,5 s e e i n g .

Superimposed is the HS’7/\V1~l>U field  of vi(’lv.
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Fig. 2.–- A mosaic O f  tll[:  Tilwli:ill  \Yl)l’C~2  ilIlilg(’S  of N(l C!  1,1 Il.
!5(’illil\g  i s  logii.rith  nlic  tO SIIOW

de ta i l .  North  is to\\~ii,r(l tile h)[), ;III(I CaSI to t II(I l{~lt
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Fig. 3.— The probability that a variable will be detected given the temporal sampling of our

observations, uncler the assumption that all initial p]lases  are equally likely is plotted as a function

of the period of that variable. The incompleteness due to magnitude-depeild  ellt selection effects

has not been taken into account.
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Fig. 4.— Comparison of AI, T, F’RANIR and DoPHOT  intensity-averaged magnitudes for local

standard stars and Cepheicl candidates located on chips 2 through 4. Standard stars from Table 3

are represented by crosses and ~!epheici  candidates by solid circles.
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C12

L

(i(’l(Is sllou’[t ill (lt~t  ail ill I’igllr(’  12. North i s  tolVill”(l tll(’ I)ottoll), il.11(1 (\i\St.  to t}l(! right.
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Fig. ,; b- - T])(’ wI~C2

C;lll(li(liit(’S’  Ii(’l(Is Sllolvll

bottonl.”

field of view iu NGC 4111. Marke(]  are ttle locations of the variable

ill (Ietdil  ill l~igurw  6 a]i(l 12. Nort,ll  is tO\Vilr(l  t h e  l[!ft, ii[)(l  [!iLSt tO the
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Marked are the Iocatio[ls  of the variable

C,il,ll(li(l ilt(’S’ [iel(ls Sllo\VII ill  (l(Jtilil  ill  I’igllrcs  6  illl(l  12.  NT OI’tll  i s  tOIVdl’(1  tll(’  tol), :111(1  oilSt tO  tll~ l~ft.
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F’ig. 5 ( 1 . -  Tile W’FC.I fiel(l of  view ill NGC 1114, Marked are the Iocatious of the variable

call(li(lates’  fiel(ls  slIowll in detail  ili Tjigures  6 i~]i(l  12. North is toward the rigl)t,  aI)d east to the

top.



C3

C2

C4

C6

Fig. 6il.- l;i[l(l(’r (’lliLl”tS  for (?il(’11  of th(? Cepllei(l  (’ilfl(li(lilt(’S. I;il(’11  irl)ilge  i s  .51 X  51 p i x e l s ,

correspon(lillg to 5“. CJlit:lltiltioll  of(!iL(:h inlage is as ill l’i~llr(’  5.
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Fig. 61).



Cl 45.5 d C2 20.4 d

24

- 2 5

>26

o 0.5 1 1.5 2

+
C3 33.8 d

25
++

27

0 0.5 1 1.5 2
@

C5 26.4 d

o 0.5 1.5 2

;

25
u

27 LLdLLLuludwd’
o 0.5 1 1.5 2

+
C4 36.9 d

o 0.5 1 1.5 2
4

C6 28.8 d

0 0.5 1 1.5 2

6

Fig. 7a--- I,ight Curves  for 6?iKh of the 11 C:epheid  candidates The l“ magnitudes are plotted as

solid cir(:lw,  arid J as open t ria, u~les.  Datja a w plotted over a swoJI(l (y(:le for claritjy.



C7 68.2 d C8 19.0 d

26
LLuLLLULLLlLLJ

o 0.5 1 1.5 2

4
C9 40.8 d

h-lLLLIL.LIL.L.L_* AJ..LJI
o 0.5 1 1.5 2

@
Cll 34.Od

24 Y---TTT”TITI

tLLLLLLuuLLLIJ  .1 .L.d

p ~~rr~l-l~r-r-r~-rl-l-l-i-q
t 1

o 0.5 1.5 2

;
C1O 42.7 d

o 0.5 1 1.5 2
d

o 0.5 1 1.5 2
4

Fig. 7b----



2 2

H ——

1“
28 b.iii”h ““ ILL-L~.1_~.1

–1 o
V --- I
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Fig. 8.— 1 vs. V – 1 color-mag[litude  diagram for tile 3 WIW chips. Phase weighteci  1 magnitude

and color are plotted for each of tile Cephei(l  ci~[~didiites  as solid circles.
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Fig. !).— The V and 1 PI, relations for the Cepheids listed in Table 7. The solid line represents the

best fit to the NGC 4414 data. The dotted lines represent the scatter expected due to the intrinsic

widt, h of the Cepheid instability strip. Cepheid candi[iates  excluded from the fit are plotted as open

circles.
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Fig. 10.— Magnitude residuals in 1 and V from the PI, relations for Cepheids  in NC~C 4411.

Cepheids  excluded from the fit are represented as open circles. The expected scatter due to the

intrinsic width of the instability stripis represented by thesolid  line. The correlation expected due

to differential red(iening  is given t)y the (iotte(i  line. The (iashe~i  line is a fit to the di~ti~.
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Fig. 11 .–- The H band Tully-Fisher  relation. I,ocal calibrators from NIouM et al, (1995) and

references therein are plotted as solid circles. NC;C  4414 is placed on this plot using the data of

Aaronson  ct al, (1982b)  and our new distal~ce Inodulus, and is represented as an open circle with

error bars. The line is the H band TF calibration given t)y Moul(l  et al. (1995)
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C13

F’i~. lh- ]“ill(\ol” ClliL~k  foI” th(? d(]itioll~l  Villiilt)le (“;lll(li(li\t(’S. Itilt”ll  ill)ilp;(’  i s  51 X  51 piXels,

correspoli(litl~  to ,5” for  the Wl~(! and 2’.’5 for the PC! ((i]ll(li(!ilt(’s  ~’ 12, C’ 11, illl(] C~15).  Orientatioll

o f  each  illla,~(’  is ilS  it) [;igl]re 5.
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C20 C21

Fig. 12tl.


